Abstract. We propose three nontraditional dielectric geometries and present an experimental and theoretical analysis and comparison of time domain reflectomerry (TDR) performances for them. The traditional geometry (the probes inserted in material of essentially infinite extent) is compared to three nontraditional geometries where the probes are affixed outside of a core sample, inside of a bore, or flat on the surface of a semi-infinite solid. Our derivation relates the velocity of electromagnetic wave propagation to the complex permittivities and permeabilities of the media and the geometry for the three nontraditional configurations. Experimental results for air, styrofoam, dry sand, wet sand of varying water content, nylon, dry wood, and ferromagnetic steel are obtained for the three proposed configurations and are in fair agreement with the literature within the experimental uncertainties. Through experiments and theoretical analysis, the TDR performance is found to be the same within the experimental uncertainties for the three nontraditional geometries. The proposed geometries yield slightly lower sensitivities compared to the traditional geometry. Advantages and disadvantages of the geometries compared to the traditional geometry are also discussed.
Introduction
In the 1970s broadband VHF and UHF transmission line methods were developed for characte.rizing materials based on their dielectric and magnetic properties [Bussey, 1967 In the last decade, time domain refiectometry (TDR) has become one of the primary tools for measuring water content in soil [Toppet al., 1980] . The first report of Toppet al. [1980] showed that TDR is a powerful tool to measure water content in soil. In a later study, Toppet al. [1982] showed that by introducing convenient discontinuities in the geometry of the transmission line, water content depth profiles can be ob- In most of the above mentioned studies, the soil completely surrounded the transmission line probes. In this paper we propose three new nontraditional geometric arrangements of probe conductors in two different media with varying dielectric and magnetic properties which are suitable for TDR measurements. The proposed geometries naturally exist in many engineering situations such as mines and tunnels used in geologic studies. These geometries can also be intentionally created if they will not interfere with the physics of the problem of study. The performance factor of the three nontraditional geometries is compared with that of the traditional geometry where the two probes are inserted a fixed distance apart in an infinite medium. This paper is organized as follows. In section 2 the three nontraditional probe geometries are proposed. The transmission line problem related to one of the geometries is addressed. An analytical relationship is developed between the velocity of propagation of an electromagnetic wave in the media and characteri'stics including permittivity and permeability and geometric parameters such as the distance between the probes and the radii of the probes. In section 3, experimental results for various combinations of dielectric and magnetic media are presented and compared with the available data. 
where/z' and the/z" are the real and imaginary parts of the permeability, with the imaginary part representing the magnetic losses in the medium.
Electromagnetic Problem and Its Solution
Let the probes of a twin-lead transmission line be placed at the interface between the media at diametrically opposite ends on the y axis as shown in 
where C and L are assumed frequency independent. To obtain the velocity of propagation for the three geometries discussed in section 2, the capacitance and inductance of the transmission line should be related to the permittivities, permeabilities, and geometries. Conformal mapping of the geometry using the following transformation was performed to make it amenable to a simple 
where r' is the radius of the probe in the w plane along the u direction. Equation (12) 
Results
In this section we present results confirming the validity of the analytical expression given by (19) through TDR experiments using a variety of dielectrics and magnetic materials. Additionally, we present results of water content measurement of wet soil using geometry 1 and compare it to reinterpreted literature data [Selker et al., 1993 ] of geometry 3. Also, a theoretical analysis of the sensitivities of the proposed geometry and the traditional geometry is performed, and the sensitivities are compared.
Experiments
A Tektronix model 1502 C cable tester was employed for experiments. The coaxial line from the output of the TDR was soldered to a two-wire line, and the two-wire line was connected to two brass probes of 2.5 mm diameter and 30 cm length. The brass probes were placed at diametrically opposite ends of the inner cylindrical medium. Thus the distance between the probes was always equal to the diameter of the inner cylindrical medium. A schematic picture of the setup is shown in Figure 4 .
Owing to multiple reflections of the electromagnetic wave at the various junctions resulting from the impedance changes, it is hard to relate the displayed signal and the corresponding point along the probes. To counter this problem, the following technique was followed to accurately relate the signal and the point along the probe. Steel plates measuring 5 x 5 x 0.5 cm (with high magnetic permeability, p• = 5000p•o) with a central hole were placed at the two ends of both the probes. The presence of a highly permeable medium such as steel presents an impedance to the electromagnetic wave, and therefore a dip in the TDR signal is expected. A typical TDR scan for geometry 2 with the ferromagnetic steel plates placed at the end of the probe is shown in Figure 5 . Even though the approximate location corresponding to the ferromagnetic plate can be obtained by accounting for each discontinuity in the signal as a discontinuity in the TDR probe, the exact location is hard to find. The dip in the signal denoted as a cross in [Liao, 1988] Note that % = ei/e0 where e0 is the permittivity of free space. *Permittivity of styrofoam depends on the density. To infer the permittivity of one of the medium from (21), one needs to know the permittivity of the other medium. A similar argument holds for the permeability also. The results of our measurements of relative velocity along with (19) were employed to obtain the permittivities and permeabilities of various dielectric and magnetic materials and are reported in Table 1 . The known permittivity listed in the "assumed relative permittivity" of Table i is assumed to infer the permittivity of the unknown material. These results were compared with experimental data reported in the literature [Liao, 1988; NYTEF Company, 1994] . Fairly good agreement obtained as shown in Table i [Liao, 1988] . It is noted that the data reported in [Liao, 1988] 
Theoretical Analysis
Using a theoretical analysis, let us compare the sensitivities to permittivity variation of these three geometries to that of the traditional geometry. Since the three geometries result in the same relationships and hence the same sensitivity to moisture content, let us consider the geometry 1 as shown in Figure 
A plot of v versus 6 (soil with varying water content) is shown in Figure 8 . From Figure 8 it is obvious that the geometry 1 is of comparable sensitivity to the traditional application.
Reinterpretation of Literature Data
The geometric configuration proposed by Selker et al. [1993] is similar to that of our geometry 3, except for the presence of the thin acrylic material. In the absence of the acrylic material in their configuration, the velocity of propagation of an electromagnetic wave along the probe placed at the interface between two semi-infinite media should follow (19). Thus the effective dielectric constant, 6eft reported by Selker et al. [1993] , in actuality, satisfies the following condition: air -[-6wet soil : 2 (6 e,)
assuming that the acrylic is thin and plays a minor role in the propagation of electromagnetic waves. Data from Figure 2 of Selker et al. [1993] were reinterpreted using (24) and are presented along with our data for geometric configurations 1 and 2 in Figure 7 . The good agreement between the data again establishes the validity of the (13) 
Discussion
It is shown that the velocity of electromagnetic wave propagation for three proposed geometries is related to the electrical and magnetic properties and the geometry through an analytical expression. The validity of the analytical expression is established through measurement of permittivities and permeabilities of various materials with known properties within experimental uncertainties such as signal interpretation, variation of properties with frequency, temperature, and humidity, and the possibility of excitation of nontransverse waves. Experimental studies on sand with varying water content have shown that the proposed configurations can be used for water content measurement of soil in cases where a hole already exists in the soil or where one can be drilled without affecting the flow characteristics. The comparative numerical study pre- sented in section 3.2 shows that the proposed geometries are of comparable sensitivity to the traditional geometry. Even though the traditional geometry is more sensitive to moisture content, owing to field constraints it may not be possible or desirable to install the probes into the medium. In such a case, geometry 3 can be adopted. For those cases where a hole, tunnel, or mine already exists, geometries 1 and 2 are more suitable than the traditional geometry or geometry 3. The proposed geometries have several advantages over the traditional geometry for permittivity and permeability measurements. First, in many media (semi-infinite), drilling holes may not be desirable or possible, in which case the traditional geometry and geometries 1 and 2 cannot be used and geometry 3 is suitable. In cases of materials which exist or are produced in cylindrical form, the traditional geometry and the third proposed geometry are not suitable, whereas geometries 1 and 2 will be suitable. Second, instead of leaving the probe end open as is the standard practice in the traditional methods, it can be shorted for the proposed geometries. This will not only provide mechanical strength to the transmission line system, but also help in maintaining the distance between the probes constant throughout the measurement.
The limitations of the proposed geometries are as follows. First, intentionally forming a hole for the purpose of this measurement may interfere with fluid flow characteristics of the soil. But if the depth profile information is not needed, then geometry 3, which obviates the need for a hole, can be employed. Second, digging a hole for the purpose of this measurement is destructive and may not always be possible or desirable. Third, if the probes are too far apart and the input signal is weak, the TDR output will be weak. In this case, none of the proposed geometries is suitable. Also, these configurations are not suitable if the interprobe distance and the probe radii are of comparable dimension. It was found by experimentation with the instrumentation and the transmission line system described in section 3.1 that for an interprobe distance greater than 30 cm, the signal is weak and the error in the measurement is greater. It is noted that the experiments performed under this study are controlled laboratory experiments. Before these geometries are used in the field, field experimentation needs to be performed.
Use of a ferromagnetic steel plate to correlate the location along the probe to the distance scale on the TDR probe is unique to this study. Any material which provides high impedance to the electromagnetic wave, such as ferroelectric or ferromagnetic or ferrimagnetic materials, will be equally suitable.
Conclusion
We have proposed three nontraditional geometries for TDR characterization of various media. We have shown that the velocity of the TDR signal is related to the permittivities and permeabilities of the media through an analytical expression, if the media are homogeneous. The validity of the analytical expression is established by experimental measurement of permittivities and permeabilities of various media with known properties. It is also shown by experimentation that the proposed nontraditional geometries can be employed for water content measurement in soil. It is shown by a theoretical analysis that the TDR applications with the proposed geometries are comparably sensitive to variation in permittivity to the traditional geometry. It is believed that in applications where a hole or tunnel already exists, one of the geometries proposed, that is, as shown in Figure la , is the most suitable nondestructive technique to obtain property profiles of the matter surrounding the tunnel. If digging a hole is undesirable and the depth profile is not needed, then geometry 3 is the most suitable one.
